Photoacoustic spectra of ammonia and water vapor were recorded by use of a continuous-wave quantum-cascade distributed-feedback (QC-DFB) laser at 8.5 mm with a 16-mW power output. The gases were f lowed through a cell that was resonant at 1.6 kHz, and the QC-DFB source was temperature tuned over 35 nm for generation of spectra or was temperature stabilized on an absorption feature peak to permit real-time concentration measurements. A detection limit of 100 parts in 10 9 by volume ammonia at standard temperature and pressure was obtained for a 1-Hz bandwidth in a measurement time of 10 min.
Development of sensitive yet robust techniques for detecting trace gases has been of primary importance in applications such as pollution monitoring, biomedical sensing, and atmospheric research. Photoacoustic spectroscopy (PAS), based on the photoacoustic effect, in which acoustic waves result from the absorption of light by a species of interest, has emerged as a potential player in the arena of ultrasensitive detection. PAS makes use of diverse laser sources emitting in the mid infrared 1 : optical parametric oscillators, optical mixers, spin-f lip Raman lasers, and high-pressure gas lasers. PAS exploits the high output powers of these sources even though they tend to suffer from one or several of the following drawbacks: complex operation and design, large size and (or) weight, high cost, significant electrical and (or) cooling requirements, substantial linewidths, and a lack of continuous tuning ability.
The recent advent of widely tunable mid-infrared single-mode quantum-cascade distributed-feedback (QC-DFB) lasers 2 capable of emitting tens to hundreds of milliwatts of power and having linewidths of the order of tens of megahertz 3 promises to mitigate many of the aforementioned problems. Quantum-cascade lasers are a new and fundamentally different semiconductor laser source for the mid-and far-infrared regions of the spectrum. 4 These lasers derive their gain from an electronic transition between excited subbands of closely coupled quantum wells. So far, QC lasers with wavelengths from 3.5 to 13 mm (Refs. 5 and 6) have been fabricated by use of the same material system (InGaAs wells and InAlAs barriers) grown by molecular beam epitaxy. In spectroscopic applications QC-DFB lasers can be operated either in pulsed mode at room temperature 7 or in cw mode at cryogenic temperatures. 3 QC-DFB lasers have produced excellent detection sensitivities in both pulsed-mode wavelength modulation spectroscopy (5 3 10 25 noiseequivalent absorbance) 7 and cw-mode rapid-scan direct absorbance spectroscopy (3 3 10 26 noise-equivalent absorbance). 3 The application of cw-mode QC-DFB lasers to PAS of ammonia at 8.5 mm is presented in this Letter.
In this experiment (see the schematic in Fig. 1 ) a QC-DFB laser was mounted inside a liquidhelium-cooled cryostat (Janis). Its temperature was stabilized to 0.1 ± C, and temperature changes were monitored with 0.01 ± C precision. For cw operation, current with stabilization (0.1%) was provided by a Kepco power supply. For pulsed operation, current pulses were provided by a Hewlett-Packard supply. The QC-DFB laser was tuned over 35 nm by sweeping of the heat-sink temperature, T h , from 23 to 88 K, while the laser output power was held constant. Typical QC-DFB heat-sink temperature tuning curves, l h ͑T h ͒, were quadratic and showed a reproducible l h ͑T h ͒ 5.65 3 10 26 T h 2 2 8.70 3 10 25 T h 1 8.487 dependence. The temperature ͑T l ͒ tuning curve of the laser device itself, l l ͑T l ͒, is reliable and fixed and depends on only the waveguide parameters of the laser device. However, T l can differ from T h , so l h ͑T h ͒ must be calibrated for each laser cooling system. For real-time ammonia concentration measurements the laser wavelength was fixed to an ammonia feature. In cw operation the laser beam intensity was externally modulated at 1660 Hz with a 50% duty cycle by use of a mechanical chopper.
The resonant photoacoustic cell (PAC), similar to that described in Ref. 8 , consisted of an acoustic resonator (100 mm long, 8-mm diameter, gold-coated copper inside brass housing) placed between two buffer volumes (50 mm long, 40-mm diameter). The PAC had two tunable air columns at each buffer volume to reduce acoustic signals produced by window heating. 8 The gas inlet was at the resonator center, and gas outlets were at the buffer volumes. Acoustic notch filters were employed at all inlets and outlets 8 for reduction of f low noise and external acoustic interference. Flow rates of 2 L͞h were chosen for minimization of f low noise. The weight of the PAC (13 kg) reduced its susceptibility to mechanical vibrations and rendered acoustic shielding unnecessary. The QC-DFB beam entered and exited the acoustic resonator through ZnSe Brewster windows, passing through the PAC once. The QC-DFB beam was focused to a 1-mm waist inside the PAC and detected after the PAC by use of a liquid-nitrogencooled HgCdTe detector (Kolmar Technologies) and a lock-in amplif ier (SRS510). A 1-mm 2 electret microphone (Knowles; 22 mV͞Pa, 40 nV͞Hz 1/2 ) was centered in the resonant cell on the antinode of the first longitudinal acoustic mode. The microphone electrical signal was detected by a lockin amplif ier (SRS830), whose signal amplitude and phase were recorded with a 1.0-s integration time constant. In an optimized system the microphone produced a 0.2-mV rms ͞Hz 1/2 incoherent background signal for pure nitrogen f low (2 L͞h) in the PAC. The coherent background (acoustic noise at 1660 Hz, e.g., window-heating effects) was lower than the incoherent noise because of the relatively low laser power ͑,20 mW͒. The PA signal was normalized with the intensity measured by the HgCdTe detector.
A gas mixture of ammonia and nitrogen (Praxair; Medipure grade) was prepared in a holding tank. The holding tank was connected through a needle valve and f low regulator to the PAC. Ammonia -nitrogen mixtures ranging from several parts in 10 9 ͑ppb͒ to several thousand parts in 10 6 ͑ppm͒ were prepared and f lowed through the PAC. Figure 2 illustrates typical spectra. The QC-DFB laser was scanned continuously in wavelength from 8.490 mm (23 K) to 8.525 mm (92 K). The dominant spectral feature at 8.495 mm corresponds to overlapping rovibrational transitions of the n 2 R͑10͒ multiplet of ammonia, and the line at 8.514 mm is a single water absorption line. Scans were performed with the gas at standard pressure (1 atm) and temperature (300 K) (STP), so that the ammonia rotational lines were pressure broadened to several gigahertz, producing a composite spectrum. For water vapor, only a single 8-GHz transition was present, in good agreement with HITRAN96 (Ref. 9) for STP. It can be noted that a signif icant difference exists in the spectra obtained when the QC-DFB laser was temperature tuned slowly (0.5 nm͞min) or quickly (5 nm͞min). For slow tuning little or no mode instability was observed during the wavelength scan. Hence, the absorption spectra obtained from slow scans reproduce closely their simulated HITRAN96 counterparts. Absorption spectra obtained by use of rapid scans (5 nm͞min) show some deviations from simulated spectra. Laser mode instabilities occurred at two wavelengths (8.497 and 8.509 mm) during the entire 35-nm scan. The mode instability could be observed either through laser power f luctuations ͑ഠ20%͒ on the power-calibration detector or as transverse-mode coupling changes on a ZnSe Fabry-Perot etalon (5 cm long, 3-GHz free spectral range), resulting in 1-2-nm spectral shifts [as shown in the ammonia feature in Fig. 2(a) based on simulated spectra]. We attribute these instabilities to residual ref lections from the cleaved facets of the laser, which were not antiref lection coated. However, this mode instability could be almost entirely eliminated by adjustment of the laser supply current to ensure laser mode structure and a constant power level or by use of software calibration for extrapolation of the spectral feature after the mode-instability region was excluded from the scan data set.
As shown in Fig. 2(b) , the water line that is present in all ammonia mixture spectra arises from impurity moisture in the ammonia source itself. The water absorption feature is a single transition, whereas the ammonia feature contains many unresolved transitions. Therefore, the moisture concentration could be correlated with the integrated line intensity or with peak absorbance. The ammonia concentration, however, corresponded only to the integrated line intensity, so scanning over the spectral feature was necessary to provide an accurate measure of ammonia concentration. Single-wavelength dynamic measurements required additional calibration for correct estimation of concentration. Fig. 2 . Photoacoustic spectra of NH 3 and H 2 O diluted with nitrogen at STP: (a) slow (0.5-nm͞min) and fast (5-nm͞min) temperature tuning spectra compared with HITRAN96 simulations (50-ppm ammonia mixture), ( b) slowscan spectra corresponding to various mixture dilutions. All lines are pressure broadened to several gigahertz. Fig. 3 . Signal-to-noise ratio of NH 3 peak absorption for averaged fast scans (5 nm͞min). The inset shows integrated intensity versus concentration (units differ for HITRAN96 simulations and PAS owing to nonabsolute concentration calibration). Fig. 4 . Real-time NH 3 concentration monitoring by use of the 8.498-mm peak absorbance for a 100-ppm NH 3 N 2 mixture injected into a N 2 stream. The mixture bolus injection time is indicated for each cycle. The cell was operated at STP (2-L͞h f low rate). The gas mixture was interrupted with a mechanical valve. Figure 3 illustrates the dependence of the measured signal-to-noise ratio of the ammonia feature peak on ammonia partial pressure for an optically optimized system in which the optics maximize the light intensity reaching the PAC while minimizing the PAC background noise by controlling the beam shape. Spectra were obtained for ammonia concentrations ranging from 2200 ppm to 100 ppb by volume. The sensitivity limit for the NH 3 spectral feature is ϳ220 ppb (2 3 10 25 noise-equivalent absorbance) for rapid temperature sweeps (5 nm͞min) but can be reduced to 100 ppb (8 3 10 26 noise-equivalent absorbance) either by slow ͑,1 nm͞min͒ temperature sweeps over a reduced portion of the spectrum or by averaging continuously over eight wavelength points in the fast-scan spectra. The measurement time for the 100-ppb scans was 10 min. The sensitivity obtained is comparable with that achieved by the rapidscan technique, 3 although scan times are longer for PAS. Absolute calibration between HITRAN96 and the PAS signal intensity (1% absolute accuracy for the gas-handling system) was not performed, and so the inset of Fig. 3 has arbitrary units. Real-time ammonia monitoring results are shown in Fig. 4 for a 100-ppm ammonia -nitrogen mixture at STP, a QC-DFB 0.5-A current, and 52 K T h (i.e., ammonia peak absorbance at 8.498 mm). The gas-system re-sponse time was 15 s. The minimum detectable gas turn-on time was limited by gas-system mechanics to 1 s. The minimum detectable concentration was 250 ppb for 1 s in a 2-L͞h f low. Ammonia absorption -desorption in both the PAC and the gas-delivery system produced peak height variation for identical mixture bolus injection times. The integrated areas remained constant for identical injection times, despite the peak height variation.
The sensitivity achieved here can be related to previous PAS work. 9 To a good approximation, the PA signal is proportional to laser output power and to the partial pressure and the absorption coeff icient of the sample gas. The previously obtained record PAS detection limit for C 2 H 4 for an intracavity 100-W CO 2 laser 9 and an effective absorption coeff icient of 23.7 atm 21 cm 21 was 0.006 ppb. For the current system the QC-DFB power was 16 mW and the absorption coeff icient was 14.8 atm 21 cm 21 . The predicted sensitivity is 60 ppb, which corresponds to the 100-ppb sensitivity that was achieved. The QC-DFB laser was also pulsed with 100-ns-long current pulses at a 1660-Hz repetition rate. The duty cycle (1.7 3 10 24 compared with 0.5) of the laser beam intensity reduced PAS sensitivity, but with proper redesign of the system PAS using pulsed QC-DFB lasers at room temperature can be achieved.
